A high throughput method for simultaneous screening of anabolic steroids and their metabolites (4-esterendione, trenbolone, boldenone, oxandrolone, nandrolone, methandrostenolone, testosterone, 1-androstendione, ethisterone, normethandrolone, methyltestosterone, 16␤-Hydroxystanozolol, epitestosterone, bolasterone, norethandrolone, danazol, stanozolol and androstadienone) in equine urine by online turbulent flow extraction coupled with liquid chromatography-tandem mass spectrometry was developed. The use of turbulent flow chromatography could simplify pretreatment of horse urine, which has complex matrices as well as high viscosity. The urine was extracted by mixed-mode cation exchange solid phase extraction, and hydrolyzed using ␤-glucuronidase/arylsulfatase. Then, the sample was automatically loaded on the TurboFlow Cyclone extraction column for removal of further matrix, followed by separation on a fused core C18 column before MS/MS detection. Optimization and validation of the method were discussed in detail. All analytes were rapidly detected within 10 min with high sensitivity (picogram to nanogram per milliliter level), and no interference was observed. The linearity range was from 0.1-10 ng/mL for nine steroids and 1.0-50 ng/mL for the others, with correlation of coefficient values over 0.995. Precision and accuracy ranged from 0.1 to 14.5% and 1.7 to 12.4%, respectively. The developed method was successfully applied to the analysis of anabolic steroids in horse urine after administration of a model drug.
Introduction
Androgenic anabolic steroids (AAs) are synthetic substances based on endogenous testosterone that can enhance muscle growth and improve athletic performance. They have become one of the common misused drugs in human and animal sports since the first incident of athletes using AAs occurred in the mid-1950s [1] . The International Olympic Committee (IOC) has banned AAs since 1976, and the use of AAs has been also prohibited in the sport of horseracing by the International Federation of Horseracing Authorities (IFHA) [2, 3] .
The current method for testing AAs by the Korea Racing Authority is based on the method from a racing laboratory in the Hong Kong Jockey Club, with a slight modification [4] [5] [6] . This includes complex manual steps, such as solid-phase extraction (SPE), methanolysis, and derivatization using pentafluoropropionyl anhydride for gas chromatography-mass spectrometry (GC-MS) analysis. In addition, this method may not cover a great number of AAs because it is difficult to convert some glucuronide conjugates into free form by methanolysis, and some of the steroids, such as trenbolone, bolasterone, stanozolol and 17␣-methyltestosterone, do not derivatize properly with pentafluoropropionyl anhydride [7] . Several liquid chromatography-tandem mass spectrometry (LC-MS/MS) methods for steroid analysis without using hydrolysis and derivatization have been developed [8, 9] , but they could only detect the conjugated form, making it difficult to accurately qualify analytes because reference materials for conjugated steroids are not readily available. In doping control analysis, reference standards are needed to confirm the presence of prohibited substances. Therefore, the hydrolysis process is still necessary for steroid analysis with regard to doping purposes.
The metabolism of AAs in horses has been well investigated; it is accepted that AAs and their metabolites are mainly excreted in urine as sulfate or glucuronide conjugates [10] . However, until now, most detection methods for steroids in equine urine still require tedious and time consuming sample preparation due to the complexity of horse urine and the presence of conjugated steroids [5, [11] [12] [13] [14] . There are at least three or four manual steps needed before analysis, such as combination of liquid-liquid extraction (LLE), SPE, methanolysis, enzyme hydrolysis, and/or derivatization [5, [11] [12] [13] [14] .
Turbulent flow chromatography (TFC) was introduced in the late 1990s as a technique for direct injection of biological fluids onto a column [15] . Several online columns (internal diameter: 0.5-1.0 mm, and particle size: 30-60 m) are currently used with a high flow rate for the mobile phase. Under turbulent flow conditions, small molecules in solution diffuse more extensively into the pores of particles than large molecules, leading to the separation of substances by size. Trapped analytes are desorbed from the column by back-flushing with organic solvent, and subsequently are transferred onto the analytical column for detection. With the advantage of automation, this technique has been used for high throughput sample preparation to detect various analytes in complex samples [16] [17] [18] [19] [20] [21] .
In this study, to simplify a sample preparation method, we focused on developing a new method based on an online turbulent flow extraction technique followed by LC-MS/MS analysis for the determination of AAs and their metabolites in horse urine. As far as we know, this is the first time that TFC was employed for doping control of AAs in equine urine. Following optimization and validation, the method was applied to the monitoring of stanozolol and its metabolite in stanozolol-administered horse urine.
Materials and methods

Chemicals, reagents and materials
Androgenic anabolic steroids (AAs) and metabolites were purchased from Steraloids (Newport, RI, USA) and the National Measurement Institute (Pymble, NSW, Australia). ␤-Glucuronidase/arylsulfatase was purchased from Roche Diagnostics (Mannheim, Germany), and mixed-mode solid phase extraction (SPE) cartridges (XTRACT ® XRDAH, 200 mg/3 mL) were obtained from UCT TM (Bristol, PA, USA). Blank equine urine samples were provided by the Association of Official Racing Chemists (Storrs, CT, USA). All other reagents used in this study were of analytical grade.
Standard solution and sample preparation
All stock solutions were prepared by dissolving each standard in methanol at a concentration of 1000 g/mL. Working standard and internal standard (d 3 -boldenone) solutions were prepared by mixing and diluting each stock solution with methanol at a concentration of 2 g/mL. Stock solutions were stored at −20 • C, and working standard solutions were stored at 4 • C.
Two milliliters of urine sample (pH 5.5-6.0), including 10 ng/mL internal standard (d 3 -boldenone) were centrifuged at 3000 rpm for 5 min. The supernatant was loaded onto the mixed-mode cation exchange SPE (XRDAH) cartridge, which was pre-conditioned with 2 mL of methanol and 2 mL of water. The cartridge was washed with a sequence of 2 mL 2% formic acid (aq.), 1 mL water and then 2 mL 2% ammonia solution (aq.), and left to air dry. The conjugated form of each analyte was eluted with 3 mL of 2% ammonia in methanol, and then dried under a stream of nitrogen at 60 • C. Residue was reconstituted using 1.5 mL of 0.5 M sodium acetate buffer (pH 5.5), and then incubated for 3 h at 55 • C with 100 L of ␤-glucuronidase/arylsulfatase, followed by injection into the turbulent flow extraction system.
Online turbulent flow chromatography
Online turbulent flow extraction was carried out using a Cohesive HTLC TM system (Cohesive Technologies Inc. Franklin, Mass. USA) composed of a single loading pump and a binary elution pump. A Hip ALS autosampler (Agilent Technologies, Waldbronn, Germany) was used for sample injection. The procedure for online turbulent flow chromatography (TFC) consists of four steps including loading, analyte transfer, washing and re-equilibration. A volume of 100 L pretreated urine samples were injected into the turbulent flow extraction system, and loaded onto the TurboFlow Cyclone extraction column (50 mm × 1.0 mm, 50 m, Cohesive Technologies Inc., Franklin, MA, USA). After removal of matrices using a high flow rate (4 mL/min), the concentrated analytes were transferred to the liquid chromatography (LC) system, and were separated on a Kinetex fused core C18 analytical column (50 mm × 1.0 mm, 2.6 m, Phenomenex, Torrance, CA, USA) during washing of the extraction column. The systems were finally re-equilibrated for the next run. The mobile phases were composed of eluent A (0.1% formic acid/methanol = 80/20, v/v), eluent B (methanol) and eluent C (5 mM ammonium formate, pH 3.5). Detailed turbulent flow extraction, LC gradient and valve switching system are listed in Table 1 .
Mass spectrometry
An API4000 triple quadrupole mass spectrometer (Applied Biosystems/MDS SCIEX, Toronto, MO, Canada) was equipped with a TurboV TM ion source using electrospray ionization (ESI). The ion source conditions were as follows: ion source temperature, 650 • C; curtain gas, 35 psi; nitrogen collision gas, 6 psi; ion source gas GS1, 60 psi; ion source gas GS2, 60 psi; ion spray voltage, 5400 V. The mass spectrometry was operated in the positive mode using multiple reaction monitoring (MRM) at unit resolution maintained for both precursor and product ions. The MRM transitions consisted of one precursor and three product ions (one quantifier and two qualifiers). Entrance and exit potentials were 12 V, and dwell time was set to 20 ms with 5 ms pause time. The MRM transitions, signal intensity ratios, declustering potentials (DP) and collision energies (CE) of the analytes and internal standard are shown in Table 2 . The schematic setup of the turbulent flow extraction coupled with liquid chromatography-tandem mass spectrometry system is presented in Fig. 1. 
Results and discussion
Optimization of sample pretreatment
Initially, SPE was tested to clean-up the free form of AAs and metabolites after enzyme hydrolysis. All steroid standards in free form showed good recovery using the Oasis MCX cation exchange columns (Supplementary Table 1 ). For hydrolysis, three different methods including solvolysis, methanolysis and enzyme hydrolysis were compared using conjugated model steroids (boldenoneglucuronide and d 3 -boldenone-sulfate) in standard solution. The detailed procedures of solvolysis and methanolysis are described in Supplementary Table 2, and enzyme hydrolysis was performed according to Section 2.2 using 40 L of enzyme. Among the Table 1 Online turbulent flow extraction, LC gradient elution and valve switching system profiles.
Step Time Loading pump system (mL/min) Valves LC elution pump system (mL/min) methods, enzyme hydrolysis using ␤-glucuronidase/arylsulfatase showed the most favorable efficiency (Supplementary Table 2 ). Unfortunately, in subsequent experiments using real urine, the sulfate conjugates showed very low hydrolysis efficiency even after the enzyme amount was increased to 150 L (Supplementary Table  3 ), indicating the effect of sulfatase was probably inhibited by interferences from urine, such as large quantities of phosphate and sulfate ions [22] . Despite the addition of sodium ascorbate to protect sulfatase during enzyme hydrolysis [23] , results did not improve. The hydrolysis method required sample clean-up. Hence, the SPE method was included prior to enzyme hydrolysis for further experiments. SPE was also necessary for the online TFC method because an intermittent column-clogging phenomenon occurred during the online extraction and analysis procedures without sample pretreatment. This was due to the high viscosity and complicated matrices of equine urine. Based on the good efficiency of cation-exchange resin (Supplementary Table 1 ), a mixed-mode cation exchange (XRDAH) column, showing a similar performance to the MCX, was chosen for the SPE method prior to enzyme hydrolysis. After clean-up using SPE, the hydrolysis efficiency of the sulfate-conjugate form increased more than fourfold. Fig. 2 represents the recoveries of the method including SPE, followed by enzyme hydrolysis using different buffer pHs and incubation times. Considering recovery and total processing time, buffer pH 5.5 and 3 h of incubation were finally selected.
Optimization of online turbulent flow chromatography
For online TFC, several conditions of loading, analyte transfer, washing and re-equilibration were optimized. For the loading step, different organic solvent contents (5, 10, 15 and 20% methanol) in loading buffer (0.1% formic acid) were tested, and 0.1% formic acid/methanol (80/20, v/v) was chosen as the loading buffer to enhance sample clean-up. No analyte loss occurred. The flow rate was set at 4 mL/min. Next, for the analyte transfer step, different volumes of organic solvent (50, 100, 200 and 500 L of methanol) in an elution loop were tested. More than 200 L of volume was adequate to transfer all compounds, thus 200 L was selected. During the transfer period (90 s), the elution pump flow rate was temporarily diminished to prevent over-pressure on the head of analytical column (Table 1) . For the washing step, both the direction of flow and flow rate were adjusted accordingly to the time. The column was washed by back and forward flushing. Concurrently, analytes were chromatographed on the analytical column by gradient elution, and were detected by MS/MS (Table 1) . Finally, for the re-equilibration step, the method reverted to the initial condition for the next run. To minimize column carryover, a restrictor to split the flow rate was implemented, replacing the part 6-port valve (Fig. 1) . Carryover was less than 1% when using a blank sample immediately after analyzing 1 g/mL of standard mixtures. 
Method validation
Method validation was performed according to [24, 25] . Parameters including specificity, limit of quantification (LOQ), linearity, accuracy and precision were investigated ( Table 3 ). The analytes were well separated in 10 min, and no interference was observed when blank urine from six different sources were determined. The limit of quantification (LOQ), which is calculated by a signal to noise (S/N) ratio of ten, ranged from 0.1 ng/mL to 1.0 ng/mL (Table 3 ). The obtained LOQs were suitable for the doping control of AAs. The calibration curve prepared in pooled blank urine was constructed by plotting the peak area ratios of the analyte to the internal standard against the corresponding analyte concentrations (n = 3), showing good linearity (r 2 > 0.995) ( Table 3 ). Accuracy and precision were assessed by six replicate analyses on the same day at two different concentration levels in the range of the calibration curve. Accuracy was calculated using the difference between an observed amount and a nominal amount, and precision was determined as the relative standard deviation (RSD, %). The accuracy range was 1.7-12.4%, and precision was in the range of 0.1-14.5% (Table 3) .
Application in real samples
The proposed method was applied to horse urine samples after administration of stanozolol. The animal experiment was approved by the Animal Care and Use Committee of National Veterinary Research & Quarantine Service (NVRQS). A 5 mL aqueous suspension of stanozolol (250 mg) was administered to a 10-year old thoroughbred gelding (450 kg) through intramuscular injection. Urine samples were collected at day 1, 7 and 14, and were immediately stored at −20 • C until use. The analytes were thoroughly identified by retention times, MRM transitions and their signal intensity ratios using the authentic standards. 16␤-Hydroxystanozolol, the major urinary metabolite of stanozolol, was clearly detected in all samples from day 1 (0.30 ± 0.03 ng/mL), day 7 (3.92 ± 0.37 ng/mL) and day 14 (1.70 ± 0.09 ng/mL). The original stanozolol was also found in the sample from day 7 (0.21 ± 0.04 ng/mL). The chromatograms are presented in Fig. 3 . Unknown compounds were co-eluted at 4.53 min and 4.93 min prior to elution of 16␤-hydroxystanozolol. They appear to be other metabolites of stanozolol having a similar molecular weight, such as 3-hydroxystanozolol, 4␣-hydroxystanozolol, and 4␤-hydroxystanozolol [26] . The results showed the applicability of the developed method, but further research using horses treated with other drugs is needed.
Conclusion
In this study, an online turbulent flow extraction, coupled with liquid chromatography-tandem mass spectrometry was firstly developed for high throughput screening of anabolic steroids in equine urine. The method could simplify sample preparation compared to the current method used by the Korea Racing Authority, as well as eliminate complex interferences effectively using a high flow rate. We believe this method to be applicable for routine anal- ysis of anabolic steroids for doping control in racing authorities and anti-doping laboratories.
